The state-of-the-art Carbon Dioxide Reduction Assembly (CRA) was delivered to the International Space Station (ISS) in April 2010. The system is designed to accept carbon dioxide from the Carbon Dioxide Removal Assembly and hydrogen from the Oxygen Generation Assembly. The two gases are reacted in the CRA in a Sabatier reactor to produce water and methane. Venting of methane results in an oxygen resupply requirement of about 378 lbs per crew member per year. If the oxygen is supplied as water, the total weight for resupply is about 476 lb per crew member per year. For long-term missions beyond low Earth orbit, during which resupply capabilities will be further limited, recovery of hydrogen from methane is highly desirable. For this purpose, NASA is pursuing development of a Plasma Pyrolysis Assembly (PPA) capable of recovering hydrogen from methane. Under certain conditions, water vapor and carbon dioxide (nominally intended to be separated from the CRA outlet stream) may be present in the PPA feed stream. Thus, testing was conducted in 2010 to determine the effect of these "oxygenated" compounds on PPA performance, particularly the effect of inlet carbon dioxide and water variations on the PPA product stream. This paper discusses the test set-up, analysis, and results of this testing.
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I. Introduction
single human being exhales approximately 1 kg of carbon dioxide (CO 2 ) per day. Prior to 2010, state-of-the-art technology was able to remove CO 2 from spacecraft cabin air, before storing or venting overboard. The expense of replacing the massparticularly oxygen -is undesirable but manageable for operations in low Earth orbit (LEO) such as the International Space Station (ISS). However, the multiplied cost of delivering that mass to destinations beyond LEO for long-term exploration missions could be a critical limitation on the missions' distance from Earth and duration, as well as payload available for redundant safety systems, scientific equipment, and other applications. Carbon Dioxide Reduction (CDRe) systems greatly reduce oxygen supply requirements by converting the oxygen bound in CO 2 into water or molecular oxygen. To that end, Environmental Control and Life Support Systems (ECLSS) groups at several NASA centers, as well as commercial and academic partner sites, are developing a number of CDRe technologies. On April 5, 2010, the CO 2 Reduction Assembly (CRA), developed and built by Hamilton Sundstrand, was delivered to the ISS by STS-131. The CRA is based on the Sabatier process, which proceeds by the following overall reaction:
The recovered water can be electrolyzed in an Oxygen Generation System (OGS) to form molecular oxygen to support the crew and hydrogen for further CO 2 reduction. When the CRA is operated on ISS, the methane will be vented overboard. The hydrogen bound in the vented methane must be replaced in order to continue the process. Currently, MSFC ECLSS is investigating the Microwave Plasma Pyrolysis Assembly (PPA) as a means to recover a portion of that hydrogen. The PPA was built by the UMPQUA Research Company and delivered to MSFC in May 2009 as part of a Small Business Innovative Research (SBIR) Phase II contract. The primary reaction of the PPA is as follows:
The PPA utilizes microwaves to generate a hydrogen plasma in which the methane reacts to form acetylene and hydrogen. Including a pyrolysis reactor downstream of a Sabatier system increases theoretical hydrogen recovery from 50% to 87.5%, and overall mass recovery from 69.2% to 75%, per cycle. However, a number of side reactions have the potential to occur in the plasma:
Considerable testing has already been conducted on the PPA, and results of those tests have been reported. [1] [2] Previous testing involved both stand-alone operation of the PPA and operation of a Sabatier-PPA integrated test stand (ITS). In each of those tests, CO 2 and water in the PPA feed stream were limited to trace levels. Both of those compounds may be present in a Sabatier outlet stream: unreacted CO 2 due to incomplete conversion in the Sabatier, and water if the Sabatier outlet is not fully dehumidified. Carbon dioxide has been shown to disassociate to form oxygen and carbon monoxide in plasmas. 3 Similarly, water has been shown in many sources to disassociate to form oxygen and hydrogen in plasmas. Therefore, it is theoretically possible to have a mixture in the PPA containing some level of oxygen. Since the system contains large fractions of high flammable fuel gases (hydrogen, methane, acetylene, etc), the production of oxygen (or any other oxidizers) is clearly a safety concern. Thus, the objective of the PPA Oxygenated Compounds Test (OCT) was to determine the effects of CO 2 and water on PPA performance, especially product stream composition. To ensure complete understanding, nominal and off-nominal Sabatier Development Unit (SDU) product streams were generated for testing. This paper provides an overview of testing hardware, procedures, analysis and results of the Oxygenated Compounds Test. 
II. Hardware Description
The equipment utilized for this test included the Sabatier Development Unit (SDU), the Microwave Plasma Pyrolysis Assembly (PPA), and an integration panel.
A. Sabatier Development Unit
The SDU hardware was developed and refurbished by Hamilton Sundstrand between fiscal years 2008 and 2009. A housing encloses the Sabatier reactor and a condensing heat exchanger along with an assortment of valves, regulators, pumps, heaters, and instrumentation. The SDU is controlled with a Lookout Direct (National Instruments) application running on an external computer. Data collection and recording is accomplished with a NASA-developed program called PACRATS.
B. Microwave Methane Pyrolysis
The PPA hardware was developed by UMPQUA Research Company under an SBIR Phase II grant and delivered to MSFC ECLSS in FY09. The primary components of the PPA are a vacuum pump, magnetron (the microwave source), microwave tuner, reactor chamber, filter, and chiller. The system can be controlled locally or remotely per the requirements of the testing.
Several feed ports are present in the reactor. The SDU product gas, after passing through the integration panel, enters the PPA reactor through the "main" feed port in-line with the center of the reactor. Pure hydrogen is fed to the reactor through three "sweep" ports, the purpose of which is to prevent carbon deposition on the internal surfaces of the reactor. The hydrogen flow rates through the three sweep ports are independently controllable.
C. Integration Panel
The integration panel houses a number of components that facilitate connection of the SDU and PPA. These components include a group of valves, pressure controllers, and mass flow controllers that allow the SDU outlet stream to be split, with most of the gas flowing through a vent line to exit the building, and the remainder feeding the PPA. Downstream of these valves are a sorbent bed with proportional bypass control and a CO 2 mass flow controller, which together allow control of the water vapor and CO 2 concentrations in the stream. A schematic of the integrated test stand is shown in Figure 1 .
III. Methods
In order to evaluate the effects of oxygenated compounds on PPA operation, a test plan consisting of 24 trials was prepared. It was determined that the safest and most feasible means to produce the desired PPA feed stream compositions was to operate the Sabatier Development Unit (SDU) in an integrated configuration with the Microwave Plasma Pyrolysis Assembly (PPA) and adjust the water and CO 2 fractions in the PPA feed stream, rather than utilize pure or pre-mixed methane, hydrogen, CO 2 , and water vapor sources. Through all trials, the compositions of the reactant and product streams were monitored by mass spectroscopy. The trials were divided into two series, with the first 19 trials forming Series A and the last five trials forming Series B. Samples were regularly taken for analysis by gas chromatography to confirm the accuracy of the spectroscopic composition measurements. Details of each series of testing are provided below.
A. Series A Methods
Series A was conducted in order to gather data for the direct characterization of the effects of CO 2 and water vapor in greater-than-trace amounts on performance of the PPA. Performance was characterized by the overall conversion of methane and selectivity for production of acetylene over CO, as well as by hydrogen recovery, H 2 versus H 2 O selectivity, and various efficiencies.
In Series A, the SDU was operated with the intent of producing a consistent SDU outlet stream composition. The majority of that stream was vented, while the remaining portion formed a "base" stream for the PPA reactant gas feed. Using the instrumentation described in the previous section, water was removed from, and CO 2 added to, the base stream in varying amounts to produce the desired PPA feed stream compositions. The test variables for this series were the flow rates of CO 2 and H 2 O through the PPA main feed port. The control variables included the methane and hydrogen flow rates through the PPA main feed port, flow rates through the three hydrogen sweep ports, microwave power, and reactor pressure. Each trial was conducted once.
B. Series B Methods
The final five trials were included for the purpose of evaluating PPA operation with varying SDU inlet stream compositions (and resulting product stream compositions) and no CO 2 injection nor water removal between the SDU and PPA. This provided inlet stream compositions to which the PPA could potentially be exposed in a system configuration lacking water/CO 2 adsorption between the two subsystems. Whereas the objective of Series A was to relate PPA operation directly and solely to the CO 2 and H 2 O in the inlet stream, the Series B objective was to vary a single SDU parameter (H 2 :CO 2 feed ratio) in a mission operation-like manner, producing a cascade of changes downstream of the SDU and evaluate the ultimate effects on PPA operation. Water vapor concentrations were still limited to dew points lower than the ambient temperature. In Series A, the H 2 :CO 2 ratio in the SDU inlet was maintained at 4:1. Series B included 3.5:1, 4.5:1, 5:1, 5.5:1, and 6:1 ratios. Results of this test series could also be compared to those of previous testing in which the same feed ratios were utilized with complete CO 2 and H 2 O removal upstream of the PPA. Each trial was conducted once 5 with the exception of trials 6, 11, and 16, which were not conducted because the water vapor fraction in the PPA feed stream could not be controlled to the low level required.
For Series B, the test variable was the SDU hydrogen feed rate. The control variables included the SDU CO 2 feed rate, SDU reactor temperature and pressure, flow rate of methane in the PPA main feed stream, total PPA H 2 feed rate (through the main port and the three sweep ports), PPA microwave power, and PPA reactor pressure.
IV. Analysis
Analysis of the data collected during testing resulted in determination of reaction rates, CO 2 conversion, hydrogen recovery, and the efficiency, selectivity, and yield of each product at each test point. The methods of analysis are described in detail below.
A. Model Reactions
In order to facilitate analysis, the system was described chemically by the following three simultaneous reactions: No evidence is provided that Reactions B and C constitute the entirety of, or are actually components of, the true reaction mechanism. The mechanisms of this complex reaction system are not considered herein and are not of consequence to the analysis conducted for this paper. Any other reaction among the stable species involved can be described as a combination of these three reactions.
A number of basic reaction parameters were calculated to characterize the variations in PPA performance among the test trials. The rates of conversion or production of the six compounds involved in the reaction were calculated from equation 1:
(1) n i = n out,in in,i , Where n out,i is the molar flow rate of compound i at the outlet and n in,i is the molar flow rate of component i at the inlet. Rates of Reactions A, B, and C were calculated from equations 2, 3, and 4, respectively. 
B. Conversion and Hydrogen Recovery
A number of conversion (χ) and recovery (η) parameters were developed and calculated using the equations shown in Figure 2 .
For conversions, χ CH 4 -j is the fraction of methane fed to the reactor which is converted to component j. χ CH 4 ,total is the total fraction of methane which is converted to other compounds in the reactor. χ H 2 (rec)-H 2 O is the conversion of molecular hydrogen to water via Reaction C (when Reaction C proceeds to the right) as a fraction of molecular hydrogen recovered from Reactions A and B. χ CO 2 ,B is the fraction of CO 2 fed to the PPA which is reduced to carbon monoxide (CO) via Reaction B. Likewise, χ CO 2 ,C is the fraction of CO 2 fed to the PPA which is reduced to CO via Reaction C. χ CO 2 ,total is the fraction of CO 2 fed to the PPA which is converted to all other compounds within the reactor.
For recovery, η H 2 :CH 4 ,x is the fraction of hydrogen bound in methane which is converted to molecular hydrogen via reaction x, including any portion of that hydrogen which is then converted to water through Reaction C. η H 2 :CH 4 ,total is the total fraction of hydrogen bound in methane which is converted to molecular hydrogen. η H 2 :H 2 O is the fraction of hydrogen bound in water which is recovered via Reaction C (when Reaction C proceeds to the left).
Graphical analysis using MATLAB's Surface Fitting Toolbox was conducted in order to determine simultaneously the effects of CO 2 and H 2 O feed concentrations on methane and carbon dioxide conversions and hydrogen recovery.
C. Efficiency, Selectivity, and Yield
Several indicators of efficiency (ε), selectivity (S) and yield (Y) were derived with equations shown in Figure 3 .
The subscript i may denote parameters for reaction A, B, or C. Values for reaction rates are in given in sccm, and are therefore divided by 60 to put the denominator in the same per second basis as the numerator (W = J/s). Microwave power was 700W for all trials. Thus, ε A , ε B , and ε C are the fractions of microwave energy applied to the system which is consumed by reactions A, B, and C, respectively, and therefore converted to the chemical potentials of the reaction products. Enthalpies of reaction, ΔH A , ΔH B , and ΔH C , were calculated from enthalpies of formation obtained from Perry's Chemical Engineers' Handbook 4 and are provided in Table 1 . Selectivities of the form S A/B indicate the favorability of one reaction product over another as moles of product A produced per moles of product B produced. Yields indicate the moles of each product produced per mole of methane consumed.
Graphical analysis using MATLAB's Surface Fitting Toolbox was conducted in order to determine simultaneously the effects of CO 2 and H 2 O feed concentrations on PPA efficiencies, selectivities, and yields.
V. Results and Discussion
An iterative mass balance process was implemented by means of a custom MATLAB program to determine total quantities of components into and out of the system. Note that the complex nature of controlling the Integrated Test Stand (ITS) meant that the actual PPA reactant feed stream composition varied slightly from the desired composition.
A. Series A Results and Discussion
Series A test points were designed to stress the PPA performance by forcing high water and CO 2 content into the PPA inlet stream. Results and Discussion of PPA performance under these conditions are provided below.
Reaction Rates
Rates for the three model reactions were plotted on three-dimensional axes against the CO 2 and H 2 O feed stream mole fractions and fit with appropriate functions. 3-D graphs of the data points and resulting fits for the rate of reactions were generated. The resulting graph for Reaction C is shown in Figure 4 as an example. Statistical parameters for the fits of all reactions are provided in Table 2 . All three reactions were best fit by polynomials of 1 st Reaction A B C ∆H i (J/std cm 3 ) 16.8411 11.0261 1.8376 order in both terms (CO 2 fraction and H 2 O fraction), which suggests that there is no significant coupling between the mechanisms of reaction of the two oxygenated compounds.
The three fit coefficients given in Table 2 
Conversion and Hydrogen Recovery
Three-dimensional plots of total methane conversion, total H 2 recovery from methane, percentage of recovered H 2 converted to H 2 O, and total CO 2 conversion versus H 2 O and CO 2 mole fractions were constructed for analysis. For brevity, only the total conversion of CO 2 is shown in Figure 5 . The fit coefficients and corresponding statistical parameters for all fits are provided in Table 3 .
The five fit coefficients given in Table 3 describe the fit surface with the relationship:
Derived parameter = δ + ε*y %,CO2 + δ*y %,H2O + ζ*(y %,CO2 ) 2 + κ*y %,CO2 *y %,H2O
The R 2 values for total methane conversion are much lower than desirable. This is a result of the fact that the variation in the total methane conversion across all trials was relatively small (75.6-80.2%), meaning that the variation in data points due to measurement error was large in comparison to the total variation. According to the low R 2 value, the model equation for total methane conversion does not account well for 
Efficiency, Selectivity, and Yield
Each of the calculated efficiency, selectivity, and yield parameters was plotted and fit with functions of the CO 2 and H 2 O feed stream mole fractions using MATLAB's Surface Fitting Toolbox as in the previous sections. The most interesting plots, shown in Figure 6-Figure 9 , were from the selectivity of C 2 H 2 over CO and of H 2 over water as well as the yield of C 2 H 2 and H 2 . Fit coefficients with corresponding statistical parameters for all reactions and components are given in Table 4 .
The five fit coefficients given in Table 4 describe the fit surface with the relationship: Overall reaction energy efficiency increases slightly with CO 2 and H 2 O, but this is at the expense of decreasing the rate of the desired Reaction A. Reaction efficiencies are low, in the neighborhood of 3% for the overall process. According to this regression analysis, the reaction efficiency with no CO 2 or H 2 O present should be between 3.02 and 3.14%. Prior testing of the PPA with the same methane and hydrogen feed rates, but without the oxygenated compounds, resulted in a reaction efficiency of 3.32% when calculated by this method 5 . In the "Reaction Rates" section, it was shown that increasing CO 2 concentrations cause the rate of Reaction A to decrease, while simultaneously causing the rates of Reactions B and C to increase. As a result, the selectivity for acetylene in preference to carbon monoxide as the product of methane conversion decreases rapidly with increasing CO 2 in the tested ranges. Correspondingly, the acetylene and carbon monoxide yields decrease and increase, respectively, due to increasing CO 2 concentration. Water also causes a decrease in selectivity for acetylene, but the effect is relatively modest within the range of water vapor concentrations attained in this study.
Selectivity for hydrogen over water as the ultimate form of the hydrogen recovered from methane (S H2/H2O ) is greatest at low CO 2 concentrations and high H 2 O concentrations.
B. Series B Results and Discussion
Series B test points were designed to explore PPA performance from SDU product streams potentially produced from nominal SDU feed compositions. Results and Discussion of PPA performance under these conditions are provided below.
Reaction Rates
Rates of the three model reactions for each trial in Series B were plotted against the ratio of hydrogen to carbon dioxide in the SDU inlet stream ("SDU ratio"). Values of the fit terms, as well as coefficients of determination for the fits, are given in Table 5 .
For Reactions A and B, the best fit is a quadratic polynomial of the form: rate = a*SDU ratio 2 + b*SDU ratio + c
The best fit for Reaction C is a power expression of the form:
The rate of Reaction A appears to peak at an SDU feed ratio of approximately 4.4 moles hydrogen to 1 mole carbon dioxide. This is likely the case because at lower ratios, a higher concentration of unreacted CO 2 is present in the SDU product, making Reaction B more favorable and decreasing acetylene selectivity, while at higher SDU inlet ratios, the methane concentration is decreased by the excess hydrogen in the SDU product stream. This decreases the probability of the methane ionization products contacting one another and recombining as acetylene. Since the total amount of methane and hydrogen in the PPA reactor was constant, the effect is a function of the distribution of the hydrogen flow between the methane feed stream and the sweep streams. In other words, the rate of Reaction A is likely greatest when all hydrogen is fed through the sweep ports and none is mixed in the methane stream. This is in agreement with previous testing. 5 The rate of Reaction B appears to be at a minimum when the SDU feed ratio is approximately 4.8. At lower SDU feed ratios, the high concentration of unreacted CO 2 provides a driving force which pushes the Reaction B equilibrium to the right. Likewise, at low SDU feed ratios, Reaction C proceeds rapidly due to the excess CO 2 . At higher SDU feed ratios, the total main port feed rate to the PPA was increased in order to maintain the 200 sccm flow rate of methane despite the lower methane fraction. As a result, the sweep hydrogen flow rate was decreased in order to maintain total hydrogen flow rate at 800 sccm. The main stream is saturated or nearly saturated with water vapor, while the sweep streams are dry. Thus, higher primary port flow rates and lower H 2 sweep port flow rates lead to greater overall water concentration. This provides the impetus for Reaction C to proceed in the reverse direction, and the CO 2 thereby produced pushes Reaction B forward. Since Reactions B and C do not represent the true reaction pathway, it should be understood simply that the higher water concentration promotes the consumption of water and methane to form carbon monoxide and hydrogen.
Conversion and Hydrogen Recovery
Conversion of CO 2 and recovery of hydrogen were calculated for all test points in Series B. Figure 10 shows the data points and best fit curve for total methane conversion versus SDU feed ratio. Fits and data points for total methane conversion percent, percent of methane converted to acetylene, and methane conversion were calculated as a function of hydrogen mole fraction in the primary PPA feed stream and compared to prior testing with no oxygenated compounds present. 5 These fits were found to be highly imprecise but indicated that the overall methane conversion in current and previous testing decreases above 50% hydrogen (corresponding to SDU feed ratios of at least 5:1) as a result of the decreased methane concentration. Additionally, the conversion of methane to acetylene was shown to be lower at all points in current testing as compared to previous results, and at higher mole fractions of hydrogen in the internal stream, even the overall methane conversion appeared lower for the OCT data, as there was no unreacted CO 2 to react in Reaction B.
Data points and the best fit line for hydrogen recovery from methane were analyzed as functions of the SDU feed ratio. Table 6 provides the values of the parameters for the fits along with the corresponding coefficients of determination where the parameters a, b, and c describe the fit curve according to the power expression: rate = k*SDU ratio l + m.
Methane conversion was shown to decrease sharply at higher SDU feed ratios because, as discussed in the previous section, the decrease in the rate of Reaction A is much greater than the increase in the rate of Reaction B. For the same reason, hydrogen recovery drops steeply at higher SDU feed ratios. The highest measured percent methane conversion and hydrogen recovery were found at the minimum SDU feed ratio of 3.5 hydrogen to carbon dioxide.
It is difficult to define CO 2 conversion for Trials 21-24 since essentially no CO 2 was fed to the PPA reactor. Thus, CO 2 conversion was not included in the Series B analysis. 
Efficiency, Selectivity, and Yield
All efficiency, selectivity, and yield parameters were calculated. A selection of these was plotted and fit with functions of the SDU feed ratio. Plots of these data points and fit functions are shown in Figure 13 -Figure 11 , and all fit coefficients with corresponding statistical parameters are given in Table 7 where a, b, and c are coefficients of the quadratic fit as in the Reaction Rates section. Efficiencies of Reactions A and B mirror the rates of those reactions previously discussed. Overall reaction efficiencies for Series B were comparable to those of Series A except at SDU feed ratios of 5.5 and above, at which point overall efficiency was significantly lower for Series B. Overall efficiency appears to be at a maximum at an SDU feed ratio of approximately 4.0. Acetylene yield has an apparent maximum near an SDU ratio of 4.7, while carbon monoxide yield has an apparent minimum near 5.0. Accordingly, selectivity for acetylene versus carbon monoxide as the product of methane conversion peaks at approximately 4.8 moles of hydrogen per mole of carbon dioxide in the SDU feed stream. Hydrogen yield seems to increase linearly with SDU feed ratio. The greatest yield of hydrogen was observed at the highest SDU feed ratio tested.
VI. Summary
A summary of the results of the PPA Oxygenated Compounds Test is provided in Table 8 .
VII. Conclusion
The only reaction products observed in the PPA outlet stream were acetylene and carbon monoxide. The absence of oxygen production is an important observation for the PPA development effort since the potential presence of oxygen in a gas flow containing highly combustible compounds (hydrogen, methane, acetylene) would necessitate the recognition of added risks and the application of further safety measures which would handicap microwave plasma methane pyrolysis systems in trade studies against other technologies.
It was shown that, in the tested domain, carbon dioxide (CO 2 ) in the feed stream to the PPA increases the overall methane conversion, hydrogen recovery, and energy efficiency, but decreases the acetylene production as selectivity for acetylene (C 2 H 2 ) over carbon monoxide (CO) decreases sharply. In most cases, water exhibits the same effects to a somewhat lesser magnitude.
This investigation has opened the possibility of removing the CO 2 and H 2 O sorbent bed from the Sabatier/pyrolysis system, thereby decreasing the power and mass requirements for the hardware. Process comparison studies must be conducted to determine whether such a system would be advantageous for a given mission.
Because life-support system utility will depend on the ability to recovery oxygen, and most CDRe technologies require hydrogen as the reducing agent, hydrogen recovery technology must be advanced. To this end, future work with the PPA will be focused on acetylene separationto allow recycle of unreacted hydrogen and methane -as well as microwave plasma reactor optimization. Test Series Key Findings A Both PPA methane conversion and hydrogen recovery increase with increasing CO 2 and H 2 O concentrations. CO 2 and H 2 O cause lower acetylene production and higher CO production rates. Overall energy efficiency increases with increasing CO 2 and H 2 O feed concentrations, but less input power is utilized for the desired production of acetylene. B
With no CO 2 or H 2 O removal (besides condensation to a room-temperature dew point) between the Sabatier and Plasma Pyrolysis… …acetylene production rate is maximized by SDU feed ratios (H 2 :CO 2 ) of near 4.0. …energy efficiency of acetylene production is maximized by SDU feed ratios near 4.0. …selectivity for acetylene over CO as the product of methane conversion is maximized near SDU feed ratios of 4.8.
General
The presence of CO 2 and H 2 O in the PPA feed stream in the tested domain does not lead to the production of measureable concentrations of molecular oxygen.
